The objective of this study was to optimize the sanding and coating processes of black alder wood to promote and support its use in furniture manufacturing. Two criteria have been applied for process optimization, namely, the minimum surface roughness of the samples and power consumption during sanding as a function of various sanding systems. The surface roughness of the sanded specimens and the power consumption during sanding strongly depends on the grit size used. Two eco-varnishes were applied to the samples by spraying. Moreover, the effect of the surface preparation and varnish type on the coating properties expressed by the varnish layer adherence to the substrate and surface glossiness was evaluated. For better glossiness values, the UV-cured varnish was preferred. The sanding with a grit sequence of 60, 120, and 150 grit size abrasives was found to be optimal when applied to black alder wood, and it is recommended to obtain performant UV-coated wood surfaces for furniture products.
Introduction
The furniture industry has been rapidly developing and diversifying. It strongly leads to the implementation of a certain strategy shift from a traditional business model to a model based on value generation. Such an approach was supported by the competitive advantage of qualitative, innovative, and ecological products that are differently granted when compared to other products [1] . Furniture units manufactured from wood-based materials are very common on the market, but solid wood furniture still keeps its popularity. When compared to composites, attributes such as reliability, environment-friendliness, good looks, and value are used to describe solid wood [2] . Each piece of wood needs to experience a long process until it reaches the most appropriate state for interior design. Sanding is considered an important process prior to finishing in furniture manufacturing, among others. The product quality is influenced by rational and optimal fabrication based on some specific technologies. To implement such optimization, two certain criteria should be simultaneously fulfilled, namely, having the best surface quality and the best cutting performance [3, 4] . Several factors of the wood-machine-tool interaction influence the surface quality through the machining process during sanding, including properties of species, density, and moisture content, as well as cutting parameters such as pressure, belt speed, feed speed, cutting depth, processing direction, abrasive tools [5] [6] [7] [8] [9] [10] , cutting force, and power consumption [4, 11] .
Usually a sanding process starts with a rough grit size used for a rapid and deep sanding and then finer grit sizes are applied for the final finishing phases, to achieve a homogeneous substrate for subsequent coating applications [12] .
The substrate preparation prior to the varnish application and the coating product present a specific influence on the properties of the final finished product [13] . The wood grain may raise, twist, and lift during the wetting and sanding, which can be reduced with a proper sanding process [14] . A rough surface produces an increase of the mechanical interlocking area between the coating and wood, while the adherence of varnish to the wood surface is reduced by the increase of wood equilibrium moisture content [15, 16] . Gloss is one of the parameters used to assess the final quality of a product; it is mainly influenced by the chemical composition of the coating, but also by the substrate preparation [17, 18] . Varnishes present different levels of gloss depending on their type and application system. It was shown that polyurethane and polyacrylic resins retained a high gloss even under thermal stress conditions, while for powder coatings a low gloss level was found [19] .
The wood coating industry currently faces the influence of environmental regulations. Therefore, a clear focus on water-borne systems, high solids, UV-cured coating, and powder coating is recognized in the furniture sector. Interior coatings should be carried out with respect to the VOC (Volatile Organic Compounds) regulations, to present abrasion and chemical resistance and to have a high gloss effect [20] . In the case of exterior woodwork, the focus is on durability and protection against humidity, sunlight, and microbiological attack. It was found that modifications applied to the coating material or the substrate can significantly improve the performance of exterior clear coatings [21] [22] [23] .
Several studies on coating properties were mostly performed for cellulose varnishes, solvent-borne or water-borne, which have been applied to different wood materials [13, 24] . Such coating applications are common mostly for indoor furniture purposes. For humid areas, such as for kitchen and bath cabinets, vinyl wrap has been used, but water-borne and UV varnish products are expected to be applied instead [20] . Water-based coatings and UV-cured technologies are considered efficient solutions for wood coating operations [25, 26] .
There is great potential in the wood furniture sector in Romania, considering that the furniture production export rate increased from 57.6% in 2008 to 86% in 2016 [27] . The market is mature and the consumers have started to inform themselves and behave as in the Western culture. Such aspects in furniture production were supported by the residential market, which was revived through the construction of large districts, and thus general consumption was encouraged [27] .
Small-and medium-sized furniture manufacturing companies mostly use wood-based materials in their production line, but also use various local species, such as oak, ash, and cherry, in addition to other common hardwood species. Black alder wood (Alnus glutinosa L.) is a native species in Romania and could have potential as a raw material for furniture manufacturing companies. Black alder wood, which is an under-utilized species, also presents potential for furniture manufacturing, based on its great workability and properties. Due to its pleasant appearance, alder wood can also be successfully used as substitute for valuable species in various art restoration works.
Therefore, the objective of this original case study was to optimize the sanding and coating processes of black alder wood to promote and support its use in furniture manufacturing. Findings of this study may have brief industrial applications to achieve value-added furniture products.
Materials and Methods
Experiments were carried out with black alder (Alnus glutinosa L.) wood, a diffuse-porous species that is not commonly used for furniture products in Romania. A total of 20 flat sawn boards supplied by a local sawmill were planed and then cut at dimensions of 300 mm × 6 mm × 95 mm (L × R × T). The samples had an average basic density of 520 kg/m 3 and a moisture content of 8%. Prior to their surface preparation, the samples were divided into four groups, each one of five samples, and conditioned in a room with a temperature of 20 ± 2 • C and relative humidity of 50% ± 5%.
Surface Preparation of the Samples by Sanding
The sanding of the samples was performed under industrial conditions on a wide belt-sander machine (Timesavers, Inc., Maple Grove, MN, USA) with the following technical characteristics:
Coatings 2017, 7, 176 3 of 10 abrasive belt dimensions of 1900 mm × 1130 mm, sanding speed (against the feed direction) of 16 m/s, contact pressure of 4.5 bar, and feed speed ranging from 4 to 20 m/min. The specimens were first subjected to calibration with a 60 grit size abrasive. Four parallel sanding systems were then applied by employing various grit size abrasives manufactured of corundum grains, such as 80, 100, 120, and 150 grit sizes (SIA Abrasives Industries AG, Frauenfeld, Switzerland). The sanding sequences applied per group of samples are presented in Table 1 . The calibration step and each individual sanding sequence were performed with the same cutting parameters, such as the feed speed of 12 m/min and cutting depth of 0.3 mm. 
Determination of the Power Consumption during Sanding
An electronic device with two SINEAX P530/Q5431-type decoders (Camille Bauer Ltd., Wohlen, Switzerland), for cutting and feed, connected to the sander control board and an ADC-11 acquisition board (Pico Technology Ltd., Saint Neots, UK) was employed to record the power, at the millisecond scale, for each individual sanding step. The difference between such recordings and the power during idle running was considered the effective consumed power.
Surface Roughness Measurement of the Samples
Surface quality measurements were performed using a MicroProf FRT instrument (Fries Research & Technology GmbH, Bergisch Gladbach, Germany). A range of roughness parameters was calculated, such as the arithmetic mean deviation of the assessed profile (R a ) and the total height of the profile (R t ) from ISO 4287 standard [28] and the core roughness depth (R k ) and the reduced peak height (R pk ) from ISO 13565-2 standard [29] . The reduced valley depth (R vk ) from R k family was excluded from the evaluation because the anatomical roughness was not removed [30] . All parameters were measured in the 2D profile, perpendicular to the sanding direction, with a view to provide enough wood anatomical variation for evaluation. The scanning parameters were set according to the recommendations from the specialty literature [30] . Therefore, along an evaluation length of 50 mm, having a sampling length of 2.5 mm, with a measuring resolution of 5 µm, at the scanning speed of 750 µm/s, a total of 10,000 points were scanned per measurement. A Gaussian filter was automatically applied to all roughness data. The roughness measurements were performed for all samples per sanding stage prior to coating.
Coating of the Samples
Two types of varnish, namely UV varnish and a water-borne (WB) varnish were applied to the samples after their surface preparation by sanding. To apply the varnish products on the samples, an industrial low-pressure spray gun at a pressure of 0.25 bar at a spread rate of 120 g/m 2 was used. The spraying was carried out in a laboratory under controlled conditions of the working environment (20 • C and 40% RH). All samples were coated with two layers, and a light sanding of 220 grit size abrasive was applied between the finishing steps to obtain a smooth surface. Two samples per sanding system group and varnish type were used for coating. One control sample per group was kept as a reference. The parameters of the coating products are presented in Table 2 . The curing process was performed separately as a function of the varnish type. Therefore, a UVC-250x2-type UV curing system (MIKON UV Ltd., Warsaw, Poland) was used to cure the samples coated with the UV varnish product, while the samples coated with the water-borne varnish product were cured at a room temperature of 20 • C and 40% RH. The dry film thickness was only determined for both types of varnish products according to the specialty literature [32] . Thus, for the UV acrylic and water-borne varnish, the dry film thicknesses had the values of about 90 ± 5 µm and 30 ± 5 µm, respectively.
Adhesion Test of the Coatings
The measurements of the coating adherence were performed in ambient conditions (20 • C and 40% RH) by the pull-off test with the help of the PosiTest-AT adhesion tester (DeFelsko Corporation, Ogdensburg, NY, USA), in accordance with the ISO 4624 standard [33] . A two component silane-epoxy resin of Jowat 690.00 type was used to glue small steel dollies with 20 mm diameters on the film surface. After one week of curing, incisions were made around the dollies in order to prevent failure damages close to the tested area. The adhesion strength was recorded by the PosiTest device, which involves the vertical withdrawal of the cylinders with a constant detachment speed. Five measurements were taken from each coated sample. The delamination effect was visually assessed for each coated sample.
Glossiness Measurement of the Samples
A PICO GLOSS 503 gloss meter (ERICHSEN GmbH, Hemer, Germany) was employed to measure the glossiness of the control and coated samples in accordance with the ISO 2813 standard [34] . Five gloss measurements were conducted at a degree level of 60 • , in both orientations perpendicular and parallel to the wood grain.
Processing of the Data
Picolog and Acquire Mark III software (Version 3.8) were employed to process the raw data for power and roughness recordings, respectively. Minitab 18.1 software was used to conduct the statistical analysis of data.
Results and Discussion

Variation of Power Consumption and Evaluation of Surface Roughness after Sanding
The power consumption and the surface roughness of the samples after each individual and final sanding step were determined. Such data were used to evaluate and to select the optimal surface preparation system prior to the coating application. The results are illustrated in Figure 1 . The wood industry sector does not belong to the list of the highest power industrial consumers, but the sanding process of wood is considered to consume the most among all the processing steps. It was proven that the power consumed for sanding the wood increased with the belt speed and the feed speed, while a low variation was noticed for the increase of the cutting depth [3, 4] . A light cutting depth can sometimes provide low sanded areas, while an overly high cutting depth may lead to belt wear, increased power consumption, and a low surface quality [30] .
further coating application system. The Rk and Rpk roughness parameters presented values over 20 microns, and 15 microns, respectively, which still highlighted a rough surface. Similar results were obtained by de Moura and Hernandez for maple wood when 100 grit size abrasive was applied [35] . Rpk roughness parameter gives a measure of the magnitude of raised fibers above the core roughness expressed by the Rk parameter [30] . In this study, the cutting schedule was kept constant and the variation of power consumption was evaluated as a function of the grit size used for each individual and final sanding step. Therefore, an increase in the power consumption with the grit size for 80 and 100 grit size abrasives after calibration from 1.23 to 1.4 kW was determined. Overall power consumption increased with the decrease of grit size diameter for both approaches, such as the individual grit size step and final sanding, respectively. An exception was found in case of 120 grit size after calibration. In case of the total power consumption per sanding system, the highest value of 3.12 kW was obtained for the second system, while for the last two sanding systems (No. 3 and No. 4), a decreased trend was noticed.
The results of the roughness measurement of the samples are given in Table 3 . The values of all the roughness parameters followed the same decreasing trend with the increase of the abrasive grit size. After sanding with 60 and 80 grit sizes, the maximum values obtained for R k roughness parameter (ranging between 50 and 40 microns) were similar to those obtained by Gurau [30] for oak wood (40.5 microns) for the sanding with 60 grit size. Low density species have more fuzziness on their surfaces compared to the high density species [30] . Moreover, a tangential wood surface may contain either large or narrow areas of earlywood and latewood, which explains the large variation of the obtained results when sanding with course grit size abrasives [30] . At the same grit size, hard wood species present better quality surfaces compared to soft wood species. It is also a fact that the wood surface roughness is inversely proportional with wood density, which plays a much more important role than the species anatomy [30] . Other studies proved that the wood grain orientation is not significant for grit sizes such as 60, 80, and 100, but starts to be significant for grit sizes over 120 [7] . Abrasives of 60 and 80 grit sizes produce a crushed wood layer on the surface; thus, the wood tissue is forced to enter the cavities and therefore produces their obstruction. As a result, when using low feed speeds, the wood cells that remain uncut are blunt and bent, generating a better roughness, while for high feed speeds, some peaks are formed but they are considerably attenuated for finer grit sizes when applied at light feed speed [30] . In practice, such surfaces are subjected to successive sanding steps with 100, 120, 150, or 180 grit size abrasives, depending on their destination and further coating application system. The R k and R pk roughness parameters presented values over 20 microns, and 15 microns, respectively, which still highlighted a rough surface. Similar results were obtained by de Moura and Hernandez for maple wood when 100 grit size abrasive was applied [35] . R pk roughness parameter gives a measure of the magnitude of raised fibers above the core roughness expressed by the R k parameter [30] . For alder wood sanded with 120 grit size paper, an average value of about 7.7 microns was found for the R a roughness parameter, while for birch wood under the same sanding sequence, Vitosyte et al. [36] found lower values of about 5.14 microns. It appeared that the final sanding with 150 grit size for all four sanding systems generated surfaces described by similar values of the roughness parameters. Considering the two criteria for process optimization, it was found that that the sanding system No. 3 was optimal for producing better surface quality along a reduced value of power consumption. Table 4 presents the results for the coating performance of the samples expressed by the adhesion strength and surface glossiness as a function of the sanding system applied and varnish type product. The pull-off test failures of the specimens were found mostly in the wood layer as well as the varnish film. The samples were evaluated and destructions were found mostly in the substrate, while delamination between the adhesive and varnish was rarely observed. Alder wood is a low density diffuse porous wood species, and its structure allows good coating penetration. It is also a fact that good wetting provides a good film performance [37] . The highest values of adherence of about 1.39 MPa and 1.43 MPa for the samples sanded with system No. 4 were obtained for both varnish products. Such samples presented rough surfaces when compared to other substrate preparations.
Evaluation of the Coating Properties
Coatings 2017, 7, 176 7 of 10 As expected, for rough surfaces, both varnish products adhered to the wood [38] . Generally, in terms of adherence, small differences were found when comparing the two varnish products. Results of other studies revealed that water-based finishes induced greater surface roughness, increasing the contact area and thus resulting in a better adherence to the wood surface [13, 35] .
The glossiness for 60 • geometry was determined for all of the samples both along the grain orientation and perpendicular to it. It is a fact that the surface quality influences the glossiness of the wood surface, part of its ability to reflect the light [39, 40] . Generally, the gloss values for both directions of measurement were found to be higher for the samples coated with the UV varnish compared to the water-borne product. In case of UV-cured coating products, the varnish layer structure is enhanced. Results in the same range were obtained for beech samples previously sanded with a sanding sequence of 80 and 150 grit size abrasives and then coated with water-based coating, as reported by Slabejova [18] .
Previous studies revealed that water-borne varnishes adversely affect the smoothness of the surface and, as a result, reduce the glossiness [15, 39] .
One-way ANOVA analysis (Table 5) showed that the coating performance expressed by the adhesion strength and glossiness at 60 • geometry was significantly influenced by the varnish type (p-value ≤ 0.05). The sanding systems used in the present study produced surfaces described by similar values of the roughness parameters, therefore, it was expected to have no relevant influence in terms of adherence for both two varnishes. But higher values of the adhesion strength were found in case of UV varnish, compared to water-borne varnish when only applied on surfaces sanded by the system No. 1 (C, 80, 150). While, in case of other sanded surfaces, small or no differences were noticed between the two varnishes. In terms of glossiness no clear trend was observed as a function of the sanding system but the surfaces coated with UV varnish presented higher gloss when compared to the surfaces coated with the water-borne varnish product. Two criteria were applied to choose the optimal sanding system, namely, the minimum power consumption and the best surface quality. To continue the optimization, the response optimization for adherence and gloss as a function of the sanding system and varnish type was provided by Minitab software (Version 18.1) ( Table 6 ). The result shows that the sanding system No. 3 is optimal, when considering the processing energy costs and the best surface quality along the maximum glossiness of the coating obtained for the UV varnish, even for a reduced coating adherence. In practice, high gloss is required for the visible parts of furniture more than for others. Such sanding with a grit sequence of 60, 120, and 150 grit size abrasives is usually used under industrial practice. Thus, it is also recommended for black alder wood to obtain final UV-coated wood surfaces for value-added products in furniture manufacturing. 
Conclusions
The surface roughness of the sanded specimens and the power consumption strongly depends on the grit size used. Overall power consumption increased with the decrease of grit size diameter, and all roughness parameters were found sensitive to the grit size. To obtain better glossiness values, the UV-cured varnish was preferred to the water-based product, while in terms of adherence, small differences were found between the two varnish products. The coating performance was significantly influenced by the varnish type (p-value ≤ 0.05). The sanding with a grit sequence of 60, 120, and 150 grit size abrasives was found to be optimal when applied to black alder wood, and it is recommended to obtain performant UV-coated wood surfaces for furniture products. This work was carried out for black alder wood, an under-utilized species that could have potential as a raw material for the manufacture value-added furniture units.
